Three Rec-mutants of Haemophilus influenzae have been studied with respect to their transformability, ultraviolet and mitomycin C sensitivities, spontaneous and ultraviolet-induced deoxyribonucleic acid breakdown, inducibility of lysogens, and the linkage of the three mutations to a streptomycin resistance marker. The data indicate that the three mutations cause the same phenotypic changes, and that they are all on the same gene. Transformability of the mutants is different when two different media are used for competence development, although transformability with the two competence methods is not different in a Rec-strain that is mutant at another gene.
The isolation of a number of mutants of Haemophilus influenzae deficient in transformation has been described (1, 3, 11, 17) . The mutant DB117, isolated by screening for ultraviolet (UV) sensitivity (17) , and the mutant TD24, isolated by screening for mitomycin C (MC) sensitivity (11) , both showed a high sensitivity to UV radiation, a highly reduced transformability in spite of normal uptake of tranforming deoxyribonucleic acid (DNA), and a lack of inducibility of prophage in lysogens made from these strains. DB117 was also shown to be highly defective in ability to recombine phage (2) (TD24 was not tested). In both strains the Rec mutations were found to be linked to a streptomycin resistance marker (11, 16) . Although both mutations were studied after they had been transferred into the wild type, a striking difference between them was that in the TD24 strain the transformability was found to be reduced less than that in the strain carrying the DB117 mutation (called recl). In a third mutant, LB4, also isolated by screening for UV sensitivity, we have again found that the Rec mutation is linked to the streptomycin marker. The present paper deals with a number of properties of these three mutants, which have been examined so as to eliminate differences due to different experimental conditions in the two laboratories where thev were originally isolated. The results show that the three mutants are similar with respect to all the properties examined, and that their Rec mutations are very closely linked to each other, indicating that they are all in the same gene. Ac- ' Present address: Department of Genetics, University of Groningen, Biological Center, Kerklaan 30-Haren (Gn),
The Netherlands. cordingly, we have called the mutations recl -1 (from DB117), recl-2 (from TD24), and recl-3 (from LB4). (The recl gene designation has been chosen because in a number of papers it has been used for the mutation from strain DB117. In these previous papers, departure from the standard nomenclature 16] in substituting a number for a letter in a gene name was for the purpose of eliminating confusion with some of the properties of the more famous recA gene of Escherichia coli.)
MATERIALS AND METHODS Microorganisms. The strains and the screening methods used for isolation of the mutants are listed in Table 1 . The mutations recl-1 and recl-2 from DB117 and TD24 were transferred into the wild type as previously described (11, 16) . The mutation in LB4, recl -3, was transferred into the wild type in the same way as the recl -2 mutation.
UV and mitomycin C. Exponentially growing cells were treated with UV radiation and 0.5 gg of mitomycin C per ml as previously described (17, 18) .
UV-induced DNA breakdown. Cells were grown for at least three generations to an optical density at 20 Ci/ mmol). They were centrifuged, washed in buffer used for UV irradiation (18) , suspended in the same buffer at the original concentration, and then diluted 10-fold in this buffer at 4 C for irradiation. Samples (0.2 ml) were taken after various times of exposure to 254-nm radiation, diluted into 2 ml of growth medium, and incubated at 37 C. At intervals, 0.1-ml samples were pipetted onto 2.3-cm Whatman 3MM filter disks and immediately placed in cold 5% trichloroacetic acid. After 10 min, the disks were washed two times with cold trichloroacetic acid, two times with alcohol, and once with acetone, and dried and counted in a toluene-based scintillation mixture.
Lysogenization and determination of phage inducibility. Lysogenization and phage inducibility determination was carried out as described before (16) .
Competence and transformation. Cultures were made competent in two different ways: (i) by the MIV medium method described by Steinhart and Herriott (19) , and (ii) by a modification of the diluted medium method of Stuy (20) . In the latter method, cells were grown with shaking in Levinthal broth (10) to an OD6i75 of 0.4, as measured in a Bausch and Lomb Spectronic 20 spectrophotometer. Cells were then left at 37 C without shaking for 1.5 h, then diluted 11-fold with 10 mM phosphate buffer, pH 7 .0, containing 0.15 M NaCl, and incubated without shaking for 1 h at 30 C. Cells were then exposed to approximately 0.1 ,ug of transforming DNA per ml for 30 min at 37 C. The cultures were diluted by a factor of three with growth medium, and, after 2.5 h of incubation, appropriately diluted samples were plated in agar with and without antibiotics to determine the number of transformants and total cells. The genetic markers used conferred resistance to 250 ,g of streptomycin per ml, 25 ,ug of novobiocin per ml, 2.5 ,ug of novobiocin per ml, and 10 ,ug of erythromycin per ml. The erythromycin and low-level novobiocin markers transformed wild-type cells about twice as efficiently as the other two markers.
Uptake of donor DNA. DNA, carrying the streptomycin marker, was labeled by growing cells in ML. medium (7) containing around 40 ,uCi of 32PO4 per ml. The DNA was extracted and purified as described before (15) . To 2 ml of cells made competent in MIV and 10 ml of cells made competent in diluted medium, 0.1 ml of the labeled DNA (106 counts/min per ml) was added. After 30 min of incubation at 37 C, 25 zg of deoxyribonuclease per ml was added, and 2 min later the cells were washed twice with either MIV or diluted medium and suspended in 2 ml of MIV or diluted medium. Cells were plated for determination of transformation frequency, and 0.05 ml of the cultures was pipetted onto Whatman 3MM disks for determination of acid-insoluble radioactive label taken up by the cells. The disks were processed as described above.
Release of labeled DNA from cells made competent in dilution medium. Cells were labeled with ml. They were washed twice with diluted medium, suspended at 10 times the previous concentration and the culture previously exposed to transforming DNA was again exposed to it. At intervals, samples were removed, diluted twofold with water, and filtered through filters (Millipore Corp.). The radioactivity of the filtrate was determined following addition of 0.15 ml to 4 ml of a toluene-based scintillation fluid containing Triton X-100 (10:3). The total amount of incorporated radioactivity was determined from 0.05-ml samples of the cultures applied to paper disks processed as described above.
Degradation of 32P-labeled transforming DNA after uptake. Cells were made competent by both competence methods, and 0.2 ml Of 32P donor DNA (8 x 105 counts/min per ml) was added to 3 ml of culture in MIV medium or 15 ml of culture in diluted medium. Cells were incubated for 10 min at 37 C, deoxyribonuclease (50 ,ug/ml) was added, and 2 min later the cells were washed twice, suspended in 3 ml of MIV or diluted medium, and incubated further at 37 C with shaking. At various times, 0.2-ml samples were removed and added to cold 10% trichloroacetic acid. The mixtures were centrifuged and the radioactivity of 0.2 ml of the supernatants was counted as described above. For measurement of the radioactivity in the resuspended cultures, 0.2 ml was added to the scintillation mixture containing Triton X-100 and counted.
Mapping of the recl mutations. RESULTS Sensitivity of Rec-strains to mitomycin C and UV. Figure 1 shows that the mitomycin C (a) and UV (b) sensitivities of the three Recstrains are similar. Also shown on the figure as dashed lines are the corresponding curves for the wild-type strain Rd . The wild-type strain is more resistant to both agents, and the difference between mutants and wild type is greater in the case of UV, as previously noted (18) .
UV-induced breakdown. Another similarity between the three Rec-strains is their somewhat increased sensitivity to DNA breakdown after UV irradiation relative to that of the wildtype strain (Fig. 2) . In the Rec-strains, but not in the wild type, there is some breakdown even without any irradiation. Increased sensitivity of UV-induced DNA breakdown in two of these strains was previously observed (11, 12) . In one of these studies (11) the kinetics for the wildtype strain were very different from those of Fig. 2 , probably because the cells were in diluted medium in the previous work and in BHI growth medium in the present experiments. Lack of inducibility of lysogens. It was shown previously that lysogenized recl -1 and recl -2 strains are not inducible with mitomycin C or UV irradiation (11, 16) . The recl -3 strain has also been lysogenized with HPlcl phage and found to be noninducible with mitomycin C (data not shown).
Transformability of recl strains. Table 2 shows that in the three recl strains the transformability (transformation frequency relative to the amount of donor DNA taken up) is about the same when cells are made competent in the same way. However, the transformability in diluted medium is higher than in MIV medium. The ratio ofrecl to wild type transformability is of the order of 10-"; in MIV medium, a figure presented previously for the recl-i mutant (16), but is more than an order of magnitude higher in diluted medium, as observed previously for the recl -2 mutant (11). The dependence of transformability on the competence method seems to be characteristic of the recl mutants, because transformability in the rec2 mutant is independent of the competence method (data not shown).
Relative transformation frequencies of different markers. The transformation efficiency of the strept6mycin (str) and erythromycin (ery) resistance markers relative to the novobiocin (nov) markers in the reel strains is lower than the corresponding ratios in the wild-type strain (Table 3 ). This reduction in marker efficiency is observed when the donor DNA is from a recl strain, as well as from the wild type.
Release of radioactive label from recipient DNA into the medium. Previously it was shown that when recl-i cells were made competent in MIV medium, a significant amount of radioactive label from endogenous DNA is released into the medium, independent of whether or not cells were exposed to transforming DNA (13, 14) . In the wild type, however, a substantial amount of the recipient DNA label was released only after exposure to transforming DNA, suggesting that the recipient label released was generated by replacement of segments of recipient DNA by donor DNA as a result of integration into the recipient genome J. BACTERIOL. (19) . We considered the possibility that there is a relationship between high release of label of recipient DNA of recl-i cells made competent in MIV medium and the reduction in transformability as compared with that found in cells made competent in the diluted medium. Therefore, we examined the release of recipient label in recl-i cells made competent with the latter method. Figure 3 shows that in such cells there is considerable release of label incoxporated before the competence regimen and even more release oflabel incorporated at the peak of competence, in accord with the data obtained previously with MIV-competent cells (14) . However, the release of label is smaller in cells that were exposed to transforming DNA, whereas the release of label in MIV-competent recl-I is totally unaffected by such treatment (13, i4) .
Degradation of transforming DNA after uptake. Figure 4 shows a Cells sensitive to the thr6e antibiotics were made competent in diluted medium. DNA was from cells resistant to antibiotics. Abbreviations: str, streptomycin; ery, erythromycin; nov, novobiocin (resistance to 25 ,ug/ml conferred by recl + DNA, resistance to 2.5 ,ug/ml conferred by recl-3 DNA. The nov 25 marker is less efficiently transformed into the wild-type cell than is nov 2.5). Linkage between recl mutations and the streptomycin resistance marker. The linkage between all three recl mutations and the streptomycin marker (Table 4) is similar. The linkage data are to a small extent dependent on the preparation of donor DNA used, but are not affected by the way in which the cells are made competent. Similar percentages were obtained for a given recl mutation when strain Rd or the particular recl strain was used as recipient.
Although the various recl mutations are linked to each other very closely, the results are in agreement with the following sequence: recl -1, recl -2, recl -3, str, nov (recl-i and recl -2 having been previously shown to be only weakly linked to the nov marker [11, 16] In some respects the present mutants resemble E. coli recA strains (4), in particular in the lack of inducibility of prophages, sensitivity to UV irradiation and MC, and DNA degradation that is enhanced by UV. However, whereas the UV sensitivity of E. coli recA is greater than that of excision-defective strains ofE. coli, and more than two orders of magnitude higher than the wild-type E. coli (8), a recl mutation in H. influenzae confers a sensitivity about four times that of the wild type (17) , and the recl mutants are considerably more resistant than excision-defective strains ofH. influenzae (17) . Our results on UV-induced breakdown following high UV doses (Fig. 2) show much less difference between wild type and the recl mutants than has been observed in theE. coli recA and wild-type strains (9, 21) . However, when a different technique was used earlier, the kinetics of breakdown in a recl strain after a dose of 40 J/m2 were found to be considerably different than in the wild type. At early times, DNA from the recl strain was degraded much more than wild-type DNA, although after around 1 and 0.5 h of incubation there was also high breakdown in wild type (11) . After small UV doses (2.5 J/m2 and lower), the difference between the DNA breakdown of wild type and recl strains was much smaller than found in E.
coli (5, 12) . Thus, it is somewhat uncertain whether or not the UV-induced breakdown in recA and recl mutants is the same type of phenomenon.
A striking and still unexplained phenomenon observed in all three of the recl mutants is that the transformation efficiencies of the streptomycin and erythromycin resistance markers are more reduced than that of the novobiocin markers. Previously, it was found that the transformability of the recl-i mutant was less than that of the recl-2 mutant TD24 (11, 16) . However, we have shown that this difference resulted from the different ways in which the cells were made competent in the earlier work. Although in the wild type the transformability, expressed as transformation frequency divided by the amount of transforming DNA taken up, is even better when cells are made competent in MIV medium, the recl (but not rea2) mutants are more transformable when the cells are made competent in the diluted medium rather than in MIV. In MIV-competent recl cells an appreciable fraction of the label of recipient DNA is released into the medium (13), suggesting that some of the recipient DNA in competent recl strains is highly susceptible to nuclease activity. Although the release of label in recl cells made competent in diluted medium, but not exposed to transforming DNA, is similar to the release found in MIV-competent cells ( Fig. 3; 13) , there is less release when the cells are exposed to transforming DNA (Fig. 3) , whereas in MIV-competent cells there is no effect of transforming DNA on the release (13, 14) .
It has been proposed that there is breakdown of DNA at the site of interaction of donor and recipient in recl strains that prevents completion of integration (11, 13) . It is possible that there is less breakdown in donor-recipient DNA complexes formed in cells made competent in diluted medium because of a somewhat more limited supply of deoxyribonuclease, so that there is competition between breakdown of donor and recipient DNA, resulting in an increased probability of successful integration. The fact that the labeled transforming DNA in recl cells made competent in MIV is degraded more than in the cells made competent in diluted medium (Fig. 4) , is in accord with this hypothesis.
